Information about the physiology of C fibers has been based largely upon studies of visceral nerves; and the properties revealed have, therefore, been those of the unmedullated axons of the postganglionic components of the sympathetic nervous system. An indication that the C fibers in mammafian skin nerves might have properties different from those of their sympathetic analogues first appeared in 1938 (Grundfest and Gasser), when it was observed that the curve of recovery of excitability of C fibers in the saphenous nerve of the cat was different from the one found in the examination of visceral nerves. Subsequent investigation has brought to light additional points of difference, to such an extent that it is now necessary to divide the C group of fibers into two subgroups. Much further work will be required to supply a full description of these fibers. Consequently, in connection with the principal subject of this paper, which is the form of the compound action potential and its relationship to the fibers which produce it, it will be necessary to bring forward in a preliminary way mention of characteristics still awaiting more complete analysis. Information about these characteristics is required both for the interpretation of the action potential and for support of the thesis that there is a group of unmedullated fibers, afferent in function, specialized in their properties, and systematized in the same sense in which the medullated fibers in mammalian skin nerves are known to he systematized.
and the fact that the action potential had to be observed in the presence of active A fibers.
In spite of the fact that means of stimulation of C fibers to the exclusion of A fibers are known, they could not be employed as all of them involve the production of situations which do not permit normal readings of the conduction velocites. Correct velocities of conduction are easily obtained after excitation of all of the fibers in a nerve, as the velocities of the C spikes are so slow that the spikes satisfactorily clear the A spikes in the dispersion process. Where the interference becomes of significance is in the determination of the form of the C action potential, which must be recorded in the presence of the A after-potentials. In order to minimize the interference the best procedure was found to be the selection of an optimal distance of conduction. As the experimentation proceeded 3 cm. of conduction came to be part of the routine. At this distance the entrance of the C potential into the total picture was at about the trough of the A positive after-potential. Thereby inscription upon the steep slope of the negative after-potential was avoided, without at the same time the introduction of so great a dispersion within the C group, itself, that the slowest components of the latter were lost to view.
In the process of conducting an experiment the procedure was to photograph for reference the action potential at a strength of stimulation immediately below the threshold of C fibers, then to build up upon this background the C potential as evoked with shocks of successively increasing strengths. An unanticipated observation made in the course of watching the action-potential development was the appearance of a small wave ahead of C arising on the A negative after-potential just after the last of the A spikes recorded in the initial control picture. What the appearance meant was that the smallest of the medullated fibers have thresholds of excitation higher than those of the most sensitive unmedullated fibers. There is a small group of fibers, with conduction velocities in the region of 8 to 5 meters per second, that has previously been missed on account of its high threshold. Under the designation, delta 3, the group will be described elsewhere. It is mentioned here only on account of one of the properties of its fibers which has a pertinent bearing upon the methods employed in the present paper. The spikes produced by the fibers are followed by positivity in a way that is not characteristic of the larger meduUated fibers. As a result, with the development of the wave the base line is caused to shift slightly downward from the position determined in the initial reference picture. Fortunately the unavoidable interference produced has little significance with respect to delimitation of the major aspects of the C potential. It does, however, contribute uncertainty to the measurement of the heights of the e~rliest components of the C group, which are quite small.
An additional form of interference occasioned by the presence of A fibers is repetitive firing of some of the latter, superinduced by the strong shocks necessary for the stimulation of C fibers. Often the firing can be eliminated simply by a preliminary multiple stimulation of the A fibers to put them into a state of subnormality. If this device be not sufficient, usually a switch from the routine gas mixture of 5 per cent of CO~ in O~ to one containing 7 per cent of CO2 in 02 is effective. No visible alteration of the deportment of the C fibers results from the change; and whatever it may amount to would take a more careful analysis for its detection than any that has been undertaken. The statements made about the fibers in this paper are all known to hold in experiments with the 5 per cent mixture. Repetitive firing of A fibers is objectionable more on account of its spoiling of the elegance of the records than on account of any fundamental consideration. Where adventitious A spikes may lead to questionable validity of a detail, doubt can be removed by consultation of records of successive sweeps reporting separately on the finding being sought.
In contrast with the contribution to unsteadiness of the base line by the A fibers, small and unavoidable, the contribution by apparatus attached to the nerve preparation is potentially much larger, but for the most part avoidable. The center of the difficulty is a direct consequence of a condition necessary for the obtaining of an answer to one of the questions posed: what is the distribution of the velocities at which the C fibers conduct impulses. For an answer to be obtained the impulses must all start off simultaneously from the point of initiation. This condition necessitates a form of excitation which is highly artificial in comparison with the way in which the fibers are naturally stimulated. A shock must be used of such strength that it operates with a short utilization period, not only for the most excitable fibers but also for those with the higher thresholds. How important in fact is this property of the shock, is revealed by watching the development of the conducted compound action potential as the shock strength is increased, and observing the manner in which the later components appear, take form, and move forward into their proper position.
The stimulator, built into the apparatus in such a way that the shocks can be delivered in adjustable coupling with the sweeps of the oscillograph, supplies shocks with forms closely resembling condenser discharges. A shock with a strength about five times the threshold for C fibers has a peak value of 70 volts; and the half relaxation time, as measured between the stimulating electrodes on the nerve, is 0.2 msec. Such a shock would give a maximal response; but shocks with peak values over a hundred volts were also used to check the utilization times of the fibers with highest threshold. With potentials of such magnitude generated in the stimulator, capacitative coupling with the preparation caused base line shifts so large as to make the standard l e a d , -proximal ground, distal grid--, useless. Great improvement was brought about by putting the stimulating cathode to earth and using a differential input to the amplifier (invariably employed with D. c. coupling). But even this method of leading was only partially successful; and it was necessary in addition to resort to square wave stimulation. The duration of the square wave was held to the minimum at which the purpose could be accomplished, usually less than a millisecond. Whenever square wave stimulation was employed the velocities were checked with the values obtained with the standard stimulator.
The saphenous nerve of the cat was the principal source of the preparations. Occasionally the sural nerve was used. Also a brief survey was made of the saphenous nerves of the rabbit, guinea pig, monkey, rat, and dog to ascertain in how far the nerves of the cat are representative of mammalian nerves in general. Essentially the nerves were all alike. Postspike positivity, later to be described, was the principal variable. Resemblance to the cat was closest at the beginning of the list. The magnitude of the positivity was large for the rabbit and guinea pig, fell off somewhat for the monkey and rat, and took a sharp drop in the case of the dog. As the positivity has been found to be a labile variable even within a species, any judgment about the significance of the findings from the limited number of samples would be premature. The unmeduUated fibers in the skin nerves traversing the dorsal lymph sac of the bullfrog also appear to fall into line with their mammalian counterparts.
From animals under dial or ether narcosis,--used without apparent basis for preference,--the nerves were dissected out and transferred to the nerve box with a maximum of dispatch. They were then left in the gas mixture at the equilibration temperature for at least a half-hour before observations were started.
The problem of obtaining a monophasic lead, by which is meant one in which no membrane changes at the distal electrode are recorded, is one of great importance in view of the complexity of the potentials to be analyzed. Crushing or heating was so unsatisfactory that keeping the distal lead on intact nerve was a preferable arrangement; and the earlier exploratory experiments were carried out in this way. Theoretically the essential condition for a monophasic lead is a block of the impulse before the distal electrode at such a distance that the latter is out of reach of electrotonic spread, and in such a way that there is no possibility of the advent of a potential drop over a crosssection of the fiber proximal to the electrode, as would happen, for example, if the equivalent of a transverse plasma membrane had opportunity to form (Bishop, 1932; Gerard; Lorente de N6(a) ). A priori a high concentration of potassium ions might be expected to serve the purpose. Practically KC1 was found to be a thoroughly unsatisfactory agent. When a cocaine block, as originally suggested by Bishop (1932) , was tried a reliable procedure was found. In the mounting of the nerve, the latter was threaded under the distal Ag-AgC1 electrode; and a drop of 1 per cent cocaine HCI, buffered so as to have a maximal content of free alkaloid, was suspended under the electrode in optimal contact with the nerve. By the time at which the equilibrium period was completed the fibers were fully blocked. Monophasicity continued without further difficulty to the end of the experiment.
The temperatures at which the experiments were performed, except where noted otherwise in a special series, were between 37°C. and 38"C. Logically the temperatures at which mammalian nerves should be studied should be those in which they function in their normal environment. Heretofore little attention has been paid to this consideration; and at the present time information as to what these temperatures are is lacking for animals. However, from the classic observations of Bazett and McGlone, and the recent ones of Pannes, made on man, the principles governing the distribution of temperature in a limb have been made quite dear. The blood coursing down the central artery is cooled by the venous blood returning alongside from the periphery. Thus the maximal temperature in the region of the artery is below the rectal tern-perature and from the axial maximum the temperature falls along a parabolalike curve to the skin temperature at the periphery. Since the same laws of cooling must apply in animals the expectation would be that the main trunk of the saphenous nerve of the cat would operate below the rectal temperature of 38.8-39°C., and its branches, even in the absence of conditions of stress, considerably below it.
As mammalian peripheral nerves must function within a range of temperatures, and as velocity of conduction was a subject of primary interest in this investigation, a few orienting experiments were performed in order to ascertain how temperature and velocity are related in C fibers. In the range 35°C. to 39°C. the velocity change was found to be smaller than would be derived from the ordinary textbook figure for the ~h0 for nerve. Calculated to ten degrees the values were 1.3 or less. Between 37.5°C. and 39°C. in half of the observations the velocity underwent either no increase or a slight slowing, suggesting that there may be a velocity maximum not reached in some experiments and crossed in others. The principal conclusion to be drawn from the small series is that the velocities here to be presented are nearly maximal o n e s .
Compared with the effect of the temperature variable, in the range of 36°C. to 39°C., upon the velocity of conduction, the effect upon another aspect of the C action potential stands out as exceedingly striking. But before the effect can be described the subject of the aspect, itself, must be introduced.
The Unit of Aaion.--The dimensions of the unit of action have been estimated through a summation of indirect evidence. An attempt to obtain them through the single fiber technique did not promise to be rewarding. In the first place, what one usually obtains on teasing a nerve is not single fibers but Remak bundles. Then, too, while the fibers are resistant to abuse in the sense that they will still conduct impulses, they are extremely fragile as judged by a critique of the normality of the configuration of the impulses. The unique property of the fibers is the magnitude of the positive overshooting immediately after the spike. This positive phase is a sensitive variable within the gamut of physiological conditions; and loss of ability to produce it is the earliest sign of deterioration of a preparation, one that it takes careful precautions to avoid. Further damage produces prolongation of the spike and a decrease in its conduction velocity. With these considerations in mind the possibility that the fibers would remain normal in the face of the hazards of even the most gentle teasing appeared to be remote.
The duration of the initial spike portion of the action potential was taken to have a value of about 2 msec. for the following reasons. In fine strands of visceral C fibers, from which single-fiber-like units could be recorded, Grundlest and Gasser found this duration. That the duration is approximately the same in the C fibers originating in the dorsal root ganglia is supported in a survey of the large collection of records of conducted impulses. Not infrequently, particularly in the sharp early portion of the action potential (as in the lowermost record of Fig. 2 ), isolated peaks are found which cannot be accounted for by spikes longer than 2 msec. Finally, in attempts to generate the action potentia! from the histology of the fibers (Section III), it was found that the features were blurred if spikes longer than 2 msec. were used.
The positive potential that follows the spike is usually so large (at temperatures around 37°C.) that it appears as the dominant feature of the action potential. As the separate components of the conducted impulses come under the recording electrode at the times determined by their several velocities and each component is written upon the postspike positivity of its predecessor, the base line descends so rapidly that only the earlier part of the compound action potential is recorded on the negative side of the control base line. In order to understand the picture as a whole it must be borne in mind that the positive deflection contains a fraction which is negative in reference to the contributing axons with the longer conduction times.
On account of temporal dispersion and algebraic summation of negative and positive potential changes neither the size nor the duration of the unit positive phase can be obtained directly from inspection of the records. Without further analysis, however, it can be seen straightaway that with spikes of 2 msec. duration and positive potentials lasting more than 100 msec., and with rapid temporal dispersion, the summation of the negative phases will be small and the summation of the positive phases large. The derivation of the dimensions of the unit positive phase will be deferred to Section III. In anticipation of it, it may be stated at this juncture that the transition from negativity to maximum positivity is abrupt, that the maximum positivity may have a scalar value equivalent to 30 per cent of the spike height, and that a representative figure for the time of half relaxation is 50 msec.
Effect of Temperature on the Positive Potential.--The subject is one which is not ready for detail in presentation; and it is included only because temperature as a variable is so potent in its influence that its bearing on methods must be considered. Stripped of references to quantitative data and their variation in different experiments, the change that occurs as a nerve is warmed from 36°C. to 39°C. may be stated to be one in which the potential is reduced in size and usually shortened. As a rule the reduction in size is marked. At 39°C. the size may still be appreciable or so small that it is diificult to measure in the presence of the overlying spikes. An example of the effect of temperature on the potential form is shown in Fig. 1 .
The temperature to which an animal has been conditioned before a preparation is removed may be worthy of investigation. This suggestion is prompted by the fact that in a series of experiments performed in an unusually hot spell of weather the size of the positive potentials observed at the routine tempera-tures of the investigation appeared from day to day to be smaller than they previously had been found to be when the environment was more moderate (e.g. understanding of their physiology. Even the known fragment, the change in the positive potential, has a significance transcending its bearing upon methods. In a tetanus at 15 per second each successive response shows less positivity than the preceding one; and after a few seconds the postspike potential changes from positive to negative. The extent of the change that can take place is illustratable in a simple manner by showing a response to stimulation in a resting nerve in comparison with one observed soon after a 10 second tetanus with a Harvard coil, as in Fig. 2 . The shift from one form of response to the other is readily reversible, and all of the intermediate stages between the extremes have been observed. In the illustration there has been selected for the middle section a record from the recovery series taken at the time at which the postspike potential was at the transition stage between negative and positive. To avoid records not representative of the nerve at rest, stimulation was limited as closely as possible to the photographed observations. Stimulation was under control of the lever opening the camera shutter. Terminology.--Before selection of terms for designation of the parts of the action potential of C fibers arising from dorsal root ganglia (d.r.C fibers) is possible, a comparison of the latter with the action potentials of other sorts of fibers must be made. Specifically, the question may be posed as to whether the potential following the spike can properly be called an after-potential within the framework of previous descriptions. The major component of the after-potentials was formulated (Gasser, 1937) as the sign of an activity starting with the spike, linked with it in some way but in large measure independent of it, and characterized by an initial negativity followed by positivity. In addition another positivity had to be accounted for which was not in sequence with the negative after-potential, and which for that reason was related directly to the spike. The two positive potentials, in accord with the order of their appearance, were labeled PI and P2. P1 occurs in almost pure form in action potentials of mammalian B fibers (Grundfest). In A fibers (Gasser and Gnmdfest) and in sympathetic C (s.C) fibers (Grundfest and Gasser) it is algebraically summed with the negative after-potential. The only feature emerging from the generalized description of after-potentials, with properties such as to suggest that the positivity following the d.r.C spike might be correlated with it, is P1. But in all forms of fibers P1 becomes deeper during a tetanus; and on that score it does not fit. Also the readily reversible symmetrical swing of the postspike potential between positive and negative in conjunction with the amount of previous activity is not known to exist with exactly parallel characteristics in other fibers.
Let us now consider the consequences of interpreting the negativity after the spike, when the nerve is in the post-tetanic state, as a negative afterpotential. For fibers of every category, in line with the large negative afterpotentials occurring in responses during a positive after-potential, the agencies that make for large negative after-potentials (COs, Ca ~', postanoxial overshooting, and anodal polarization) have in common the attribute that they augment the membrane potential (Lorente de Nd(b)). By watching the meter between the last two stages in the amplifier it was possible to estimate the membrane potential at the time at which the large postspike negativities, like the one shown in Fig. 2 , were obtained. The active lead regularly was negative (e.g. by 0.75 my.) to the cocainized lead. Since any potential changes in the A fibers would then be positive, it followed that the d.r.C potential with the large negativity occurred when the C membrane potential was decreased, not increased. This discrepancy and the fact that the supemormality to be expected was not found constitute a counterindication to calling the negative potential a negative after-potentiaL
In the absence of clear correlation with features of the action potential heretofore described it is advisable, in order to avoid confusion, to adhere strictly to descriptive designations. To that end references to the manifestations in the d.r.C action potential will continue to be with the expressions, postspike positivity, and postspike negativity. A "positive after-effect associated with the first phase" (i.e. the spike) was observed in 1934 by Bishop in the C fibers of the vagus nerve. In view of the morphology of the nodose and jugular ganglia and the large size of the positive potentials observed by Bishop, it is probable that the C fibers of the vagus nerve belong in the d.r.C group rather than in the s.C group.
Form of the Compound Action
Potential.--In the saphenous nerve, and in all nerves of which it is a representative, it is well known that the conducted action potential of the medullated fibers has a contour possessing great precision of form in keeping with the constancy of distribution of the velocities of conduction of the constituent fibers. Otherwise stated, the A action potential has a pattern.
Evidence will now be presented to show that the action potential of the unmedullated fibers too has a pattern. This pattern is less obvious than the one holding for A fibers because variation, from preparation to preparation, of the summation of the positive phases upon which the record of the dispersed spikes must be traced, and secondary differences in the grouping of the spike potentials, themselves, tend to obscure it. For the development of the complete pattern shocks much stronger than those needed for threshold responses must be employed. There is a difference, however, C fibers compared with A fibers, in the relationship between shock strength and the nature of the response. In the case of the A fibers the introduction of components with progressively slower conduction velocities follows with convenient closeness increase in the strength of the stimulus. In the case of the C fibers the correlation is so poor that it is oi no use in analysis. Components possessing a large range of velocities of conduction are introduced at threshold. What increasing the shock strength accomplishes is insurance that all components are present and that the utilization periods have been properly reduced.
In order to facilitate visualization of the basic pattern underlying the configurations, with their secondary variations catalogued from the individual experiments, a schematic version of the compound action potential at 3 cm. of conduction has been prepared on a horizontal base line (Fig. 3) . While no record has been precisely like it, all of its features have been seen in the form drawn; and the temporal positions of the significant points have been precisely determined. Two sets of reference marks have been provided: letters for the maxima, and numbers for the starting time and minima. The times located by the numbers have been calculated for 3 cm. of conduction from the velocities entered as averages at the bottom of Table I .
With one exception Table I was prepared from the group of nerves in which the cocaine technique for obtaining monophasicity was employed. The exception was nerve 4, included because it was the companion nerve to the one used for the histological studies in Section II. At the time at which the record was taken diphasic recording was still routine; and readings for the last two points were not obtainable. The velocities were calculated from the time of arrival of the component corresponding to the reference point numbered, whatever might be the particular variation of the action potential course occurring o n either side of the point. Many confirmatory citations for the velocities at points 1 to 5 could be made from experiments performed with diphasic recording; and in addition a second table could be prepared in which the velocities, though somewhat slower, had the same relative sequence.
With the schematic action potential as a guide, descriptions will now be given of action potentials obtained in the course of experimentation (Fig. 4) . The variations included cannot be passed by on the ground that they are ascribable merely to fortuitous circumstances in the technique, since the in-dividuality of the features is so often encountered in each of a pair of nerves from a single animal. Where peculiarities in the records have appeared to depend upon faults in technique they have been omitted. Among the commonest of the faults are incompleteness in the induction of monophasicity, false leads from the interpolar stretch, and deterioration of the preparation. The number of fibers that conduct impulses at velocities over 2 M.P.s. is small; and a distinct a component is not always apparent. Attention was called to the group by the instances in which a wave was unmistakable; then a diligent search revealed that fibers with these top velocities were regularly represented. Often it was necessary to go through a series of records in order to insure that the small deviation of the line was of constant origin and not adventitious. The difficulty arose from the fact that the small convexity was located on the negative slope of the A after-potential, and that the noise level FIo. 3. Schematic form of the compound action potential of the C fibers of dorsal root origin. Conduction distance, 3 cm.
FIG. 4.
Samples of the compound action potential at 3 cm. of conduction, showing variation, from preparation to preparation, in records made within the same temperature range. The base line, which is the A after-potential, was drawn in by superimposing the print over a print of a record taken at a strength of stimulation just below the threshold for C. The reproductions are reductions from the original prints. 1, July 13, 1948 . 2, Oct. 28, 1949 . 3, May 17, 1949 . 4, June 23, 1949 . 5, June 15, 1949 . 6, July 1, 1949 and repetitive firing of A fibers had obscuring properties. In the best nerves the highest velocity was around 2.3 M.P.S. Exceptionally it reached 2.5 M.P.S.
The question may be asked, in view of the roughness of the base line, as to whether there is any silent zone in which impulses belonging either to A or to C fibers are absent. Technical imperfections prevent a final answer; but a reading of many records with the question in mind has lead to the conclusion that if there be fibers with conduction velocities between about 5 M.P.S. and 2.5 M.P.S. there must be exceedingly few of them.
A much larger number of fibers enters into the formation of the second component. The b fraction may be low (Fig. 4 , records 2, 3), high (Fig. 4 , records 4, 5), well marked off (Fig. 4 , records 4, 5, 6), or fused without much distinction with the principal upstroke of the action potential (Fig. 4 , record 1).
The main body of the fibers is represented within the compass of the next three fractions, and accounts for the range of velocities between 1.6 M.P.S. and 0.9 ~.P.S. At the appearance of the c fraction the action potential enters upon its most rapid rise; and the start of this rise is usually the most favorable point for measuring velocities in studies of the effect of temperature on the conduction rate. There are so many fibers in the c fraction that by the end of its potential contribution positivity has accumulated to such an extent that the potentials of later components cannot cause the net level of negativity to increase; and the crest has been reached. The manner in which the d component joins onto the c component is varied. Exceptionally a sharp incisure may separate them (Fig. 4 , record 6); but more commonly all that is visible is a small indentation just beyond and below the crest (Fig. 4 , records 3, 5). At the other extreme fusion is so complete that the appearance is as of a single elevation with an inconspicuous acceleration on its down slope (Fig. 4 , records 1, 2,4).
Component e is still large, although it does not appear to be so, because its position in the algebraic summation of potentials is too unfavorable for its contribution to be obvious. Its negative phases are all recorded on the precipitously falling line expressing the rapid summation of the positive phases of the potentials of the large body of impulses immediately antecedent to it in the time of their arrival at the lead. It may be present with an emergent maximum as in Fig. 4 , records 1, 5, and 6; or limited to a convexity on the negative slope of its background (Fig. 4 , records 2, 3, 4). In records 2 and 3 the manner in which the positive potential is able to flatten out the early part of the e component is particularly apparent.
About the small components f and g no comment is necessary beyond the statement that they seem to vary somewhat in size from nerve to nerve (compare 1 and 3 with 2 and 6 in Fig. 4 ). About the extent to which the variation may be real, rather than of technical origin, nothing definite can be said.
There is a consequence of the technique of leading which has a bearing upon the configuration of compound action potentials, and which has not previously been considered in connection with them. The reference is to an artifact, convex downward, described by Lorente de N6(c) and attributed by him to polarization of the core of the axons by the action current. It is completely independent of the diphasic artifact produced by a potential change at the distal lead. In the saphenous A fibers the "core" artifact has been differentiated from the classical diphasic artifact, and shown to exist after the latter has been completely eliminated. The place where it can be seen is just after the beta elevation; and its effect is to accentuate the separation between the components before and after it in the compound potential. In principle the "core" artifact may be expected to be overt at any juncture in the compound potential at which the previous elevation has been sufficiently homogeneous to prevent visualization of it from being obliterated by temporal dispersion. Since there is nothing about the mechanism of origin of this artifact to limit its appearance to one kind of fiber, theorectically in C fibers, also, it should come into view after any fraction sufficiently homogeneous. Possibly it may contribute to the sharpness of the notches seen in some of the records. One of these notches is just before the f component; and an artifactual deepening of it would create the illusion that the component is larger than it really is. In Fig. 4 , records 2 and 3, the notch appears to have cut into the e component.
SECTION ll

MORPHOLOGY
The conclusions from the preceding section brought forward as of first importance to the organization of this section are that the unmedullated fibers vary in the rate at which they are able to conduct impulses, and that the velocity variation cannot be accounted for on the basis of a simple Gaussian distribution of properties. In the light of previous experience with the medullated fibers the possibility of correlation of the variation with the diameters of the fibers is at once suggested.
A priori the obtaining of an answer to the question of whether a correlation of this sort exists appeared at best to be only upon the borderland of possibility, on account of the small size of the fibers concerned. The subject was approached through a number of exploratory studies directed toward finding an optimal technique and ways of minimizing errors.
The unmedullated fibers which arise from cells in the dorsal root ganglia are well described by Ranson; and a history of the development of the subject can be found in his papers. Of his findings the one of greatest importance in connection with the thesis here under development was the demonstration of the compatibility between the number of cells and number of fibers. Davenport and Ranson compared the number of cells in the second sacral dorsal root ganglion of the cat with the number of fibers in the corresponding root. (This root is cited, because, of the roots they studied, it was the closest to the segments of origin of the saphenous nerve.) They found that the cells outnumbered the fibers 100:77. In distribution the ratio of the fibers, unmedullated to medullated, was found to be 2.1:1, smaller than the 3 + : 1 relationship found in skin nerves. In view of the fact that the central branch of the unmedullated fibers is smaller than the peripheral branch the authors considered the possibility that some of the fibers may have been missed. If so, the deficit need not to have been a serious one, since the unmedullated fibers are concentrated in skin nerves,--compare the < 1:1 relationship in the afferent nerves from muscles. Whether a 2.1:1 ratio in the roots is sufficient to account for all the peripheral fibers cannot be settled by calculation for want of the necessary distribution data. But in so far as the difference cannot be accounted for on a distribution basis, there still appears to be a large enough excess of cells in the ganglion to account for any fibers missed. Thus, even without postulating a (by no means excluded) division of the axons, the way is open to there being a cell in the ganglion forevery axon in the nerve. This fact has a bearing on the functional possibilities of the fibers in the carrying of messages.
Examination of Fresh Preparations.--A method often employed in the past
has been the teasing of fresh preparations. If this procedure could be followed successfully it would give information which would serve as a control for the amount of shrinkage that occurs in methods involving fixation. Accordingly it was tried; but before presenting the result it will be well to anticipate it by describing the connective tissue sheath. In the nerves of dorsal root origin, like the sympathetic nerves, the unmyelinated axons are arranged in bundles. The bundles are armored with a connective tissue sheath; and the bundles are bound together into aggregates with connective tissue, in an arrangement which is well visualized by the aniline blue in Masson's trichrome stain (Flemruing fixation). In appearance the connective tissue about a bundle closely resembles that of the connective tissue sheath seen about every medullated fiber. The number of axons enclosed by a connective tissue sheath is variable. A single one may be so enclosed; but more usually the number is 2-3 up to 8-10. A better statement cannot be given because preparations which show the axons distinctly do not clearly delineate the bundles (Fig. 10) . Conversely when the sheath is well stained the fibers are less clearly defined. And, in addition, the sheath picture in places is such as to make decision arbitrary as to whether two bundles are in view, or one bundle with strands of connective tissue projecting into it.
The connective tissue sheaths have an important bearing on the outcome of teasing fresh preparations. I t is easy to separate the bundles, but next to impossible to break into them. When single fibers actually are obtained, they are probably the exceptional ones that have their own sheath. It was not found difficult to reproduce the well known textbook pictures: single glistening strands, with a sharp border, a uniform diameter, and the characteristic nucleus. But proving that a single fiber was in view was another matter. Following a strand through a succession of fields could, if a division were found, prove that what had appeared to be a single fiber was a bundle. But it could not prove that what was seen after a division was a single fiber. Nor was there any certainty that a strand for which no division was found was a single fiber. Fibers appearing to be single could still have the borders of axons resolved within themselves with the phase microscope.
The phase microscope was in many ways superior to the ordinary microscope for the examination of fresh preparations. In the first place it differentiated with the clarity of a specific stain nerve strands from connective tissue strands. Along the nerve strands there appeared an irregular distribution of granules, dark in appearance (Fig. 12) . These granules were not at all visible without the aid of the phase shift, and were probably located in the sheaths, as a similar appearance was noted in the sheaths of medullated fibers from which the contents had been extruded. The other advantage has been already mentioned, the possibility by focusing up and down in favorable situations of seeing the borders of individual axons in strands that appear homogeneous in the ordinary microscope. But, though helpful in the avoidance of false judgments, the phase microscope was unable to meet the demands for diameter measurements. On top of the difficulty in finding the favorable situations, the bothersome fringes added to the inaccuracy of measurement otherwise imposed by the small size in relation to the wave length of light.
The outcome of the studies on fresh preparations was the conviction that an attempt to obtain a distribution of sizes would be impracticable, and that it might lead to an accumulation of data of questionable validity which might be misleading as a control for shrinkage. Many of the data that have appeared in the literature must have been obtained from bundles taken for single fibers. Remak, in his original description of unmedullated fibers (1838), was dealing with strands of fibers; and he left the nature of the unit structure undetermined. Clarification of the subject did not come for many years; and there is still much that is obscure. Single fibers were confused with bundles, with fibrils postulated to account for the striated appearance of the latter; and the confusion would probably still exist were it not for the findings in stained sections. Without distinction, both bundles and single axons have been called "Remak fibers;" and the history of the subject has left its impress upon contemporary language. In modern treatises one finds on the one hand "Remak fiber" used for reference to single axons; and on the other hand one finds it used in connection with descriptions that clearly could only be applied to bundles. Obviously the term "Remak fiber" has acquired an ambiguity such as to render it useless for precision of description.
Terminology.--In this paper when single axons are meant they will be called unmedullated axons or fibers. However, for some reason not understood, a peculiarity of the unmedullated axons is that they appear in bundles. Some convenient mode of reference to this fact is needed. "Remak bundle" will serve well for the purpose.
Sections Stained with Silver.--From the outset it appeared to be likely that,
for the gathering of statistical data comprehensive enough to be useful, stained sections of fixed nerves would be required. About the several histological techniques that were tried little need be said because only the silver stain met the exactions imposed by the optical problem. The advantage achieved through silver impregnation was that the axons were stained a dense black so that what was provided for photography was discs with a sharply defined smooth contour completely opaque at the periphery. The Optical Problem.--After exploring the several photographic possibilities it was decided that the most satisfactory result would be obtained by crowding to the limit the potentiality of visible light. Reduced to its essentials, the optical problem can be stated in the following form. Within the limitation imposed by the wave length of light, what accuracy can be attained in photographic measurements of opaque discs, 1 /~ and smaller in diameter? Failure to find in the handbooks on light a satisfactory general solution of this particular boundary problem led to an empirical investigation of the subject. First to be decided was what wave length of light to employ. Several wave lengths in the visible spectrum were tried, and two wave lengths in the ultraviolet. Contrary to anticipation from theory, satisfactoriness in the result obtained did not increase as the wave length was decreased. Gain in resolution was offset by increased difficulty in focusing: a drawback which was appreciable in a procedure in which at best the process of focusing was so critical that it became routine to make two microphotographs of each field as an insurance against loss of coverage of the section through not having an acceptable exposure. But of more importance was the fact that at the shorter wave lengths full advantage could not be taken of the sharpness of the opaque edge of the axons. Light absorption in the surrounding tissues is not negligible both on account of their fixed cytoplasm and a small amount of argentophilia; and this absorption mounts as the wave length is decreased to become quite noticeable ill the ultraviolet. The result is the addition of a secondary producer of a blurred image to the primary one, the diffraction of light.
Mter comparison of a large number of sample negatives it was decided that those taken in green light had the fewest faults. Consequently, a Wratten X 1, No. 11 filter was used throughout the series. For reasons about to be explained, the time of exposure of the photographic plate was found to be a much more important constant than the wave length of the light employed.
In order to determine the relationship of the dimensions of the diffracted shadows as photographed with those of theoretical geometrical shadows it was necessary to photograph objects of known size. No objects completely satis-factory for the purpose were found; so as a compromise some pigment granules in a black glyptal paint were used. Of the qualities, opaque discs with diameters of 1 # and less, those for size and opacity were satisfied; but lack of uniformity in thickness and of smoothness of contour made them inferior imitators of the axon section.
The pigment particles were first skiagraphed with the electron microscope (X 4030) in comparison with latex particles (diameter 0.258 V) in order to determine their sizes. Then the grid upon which they were distributed was removed from the electron microscope, mounted in balsam upon a microscope slide, and searched for particles of suitable diameter under guidance of enlargements from the electron microscope plates. Finally microphotographs in green light were made of a few of the particles so identified, at a magnification of X 2370. In order to be able to analyze the relative merits of negatives of different density, exposures at constant light intensity were made in each case at durations of 1, 4, and 16 seconds; and in one case an 8 second duration was interpolated. The final product used for measurements was enlargements at X 25,000. Enlargements from the electron microscope plates at N 25,000 were made for comparison.
Like the exposure time for the negatives, the printing time for the enlargements was known to be of importance; so, for their instructional value a wide range of printing times was employed. In order to set forth the full scope of the possible variations in the result of the photographic process, sets of prints have been collected, referable to each of three particles, for publication in Figs. 5, 6, and 7. If one go beyond the first impression given by these figures one will find upon close examination that there is a system in the way in which the sizes of the images vary. Below the electron microscope picture, which shows details not resolvable with light, there is a column in which the images have approximately correct geometrical dimensions. With the densest negative correct size is reached by long printing. There is little chance of overshooting that size; but sizes that are too small are easily obtained by underprinting. As the negatives become thinner the likelihood of obtaining too large prints increases. And with the thinnest negative the correct size appears at the short end of the printing times.
The sequence is readily explainable in accord with the physics of image formation by light. Bearing in mind that the obstruction is so opaque that no light can pass through it to the photographic plate, it is only necessary to consider the diffraction of the beam cut by its margin. About the latter the pertinent points to invoke are, that at the position of the theoretical geometrical shadow the illumination in the focal plane is one-half of the difference between the minimum inside of it and the maximum outside of it, and that the gradation of illumination about that position is symmetrical.
How the photographic plate will be affected is shown diagrammatically in Fig. 8 . Dependent upon the size of the obstruction there will be a central area in which the plate is unexposed. Outside of this area blackening of the plate (represented by cross-hatching) will increase to reach median density at the position of the geometrical shadow (vertical lines, G) and maximum density at the beginning of the first fringe. When it comes to printing, with a thin plate light will readily penetrate all parts of the silver deposit and only in a very light print will the central black area be confined within the G lines. On the other hand, in a dense plate the silver deposit will be so heavy that it will be practically impossible to print through the densest portions, and long printing times will be required to extend the black area to the G lines. An optimal plate exposure would be one which would yield a density such that the printing time required to locate the black area at the steep slope of the density curve about the G lines would be least critical. The data obtained from the photographic series recorded in Figs. 5, 6, and 7 will now be further examined in order to ascertain how the empirical findings compare with the above theoretical formulation. In Fig. 9 a graphical summary has been prepared of certain measurements of the dimensions of the three particles given in terms of circles with diameters equal to the square root of the product of the lengths of the major axes of the elliptical shadows. In the center, cross-hatched, is given the smallest measured size as the closest operational approach to the theoretical border of the maximum shadow. Outside of it is drawn a circle representing the geometrical shadow determined from the electron microscope picture; and beyond the latter another circle representing the size of the shadow when the first fringe is printed. In addition, for the latex particle there is given the equivalent of the outermost circle, centered with what the geometrical shadow would have been could it have been photographed with light. Translucency of the particle precluded an attempt to ascertain the degree of approximation of the geometrical shadow that could be reached.
From Fig. 9 it is apparent that within the limit of experimental error the amount, too large, at which the diameter can be measured is, as it should be, a constant. But it is also apparent that empirically it is greater than the amount, too small, to which measurement is subject in the other direction. From this relationship the practical conclusion to be drawn is that opportunity for error is reduced by making the photographic negatives dense. Overlarge measurements are thereby avoided, though not without risk of their being somewhat too small. Although only the relationship of the diameters is absolutely essential for the problem to be solved, it is still affected by systematic error since a/b # a 4-n/b -¢-n. Systematic error can be reduced only by perfection of technique. On the other hand, random error can be minimized by rigid adherence to a photographic routine, once adopted.
Histological Appearance of the Fibers.--Staining of the unmeduUated fibers FIGS. 5, 6, and 7. Photographs of three pigment particles of different sizes. At the top of each figure is an electron microscope picture of the particle, above a column in which the particle has been photographed with light most nearly to the correct size. Light pictures too large and too small are found to the right and to the left of this column. Numbers at the left of the rows give the times of exposure of the plates on which the microphotographs were taken. Numbers below the prints give the times during which the enlargements were printed. Numbers above the prints give the diameters of equivalent circles in micra, as measured! on the original enlargements. The inset in Fig. 5 is a photograph of a latex particle used for calibration of the electron microscope. The true size of the particle is drawn above the print. in the saphenous nerve of the cat was accomplished with a brilliant result by following precisely the details of Ranson's staining method published by Ranson and Davenport in 1931. After imbedding in paraffin, sections 1 # in thickness were cut by Dr. Claude on the Claude-Blum microtome. At this thickness the fibers had little tendency to turn on their sides in the section, a feature of considerable importance in relation to the process of photography and measment.
Two microphotographs of a small field in a silver-stained section are reproduced in Fig. 10 . In the light print, where the fibers appear with dimensions closely approaching from the smaller side to what the geometrical shadows should be, there can be seen a structural aspect which does not seem to have been previously described. The fibers are not stained a solid black, but with a heavy black ring about the periphery (see also Fig. 13 ). This ring form cannot be considered to be the resultant of an optical artifact, as there is no clear center in the photographs of solid particles. Inasmuch as the interiors of the axons are stained more intensely than their surroundings and the axons at the lower end of the size range still have a center much lighter than their periphery, failure of the silver to penetrate does not seem to account for the stained appearance. What is suggested is that there is a differentiation within the structure of the axon. In the darker print, the well known arrangement of the unmedullated fibers in groups of bundles between and around the medullated fibers is brought out. Argentophile granules in the connective tissue create a background outlining the medullated fibers, which are stained very faintly, but inhomogeneously. All prints in which the background can be seen show the unmedullated axons with their centers filled in to a solid black, and with sizes relatively too large as the result of the extension of the printing to a position outside of the geometrical shadow.
Electron Microscope Pictures.--Further information was sought in studies
with the electron microscope. After finding that electron absorption by unstained sections, cut to well under 1 ~ in thickness, was in all parts so great that nothing could be differentiated, sections stained with silver were tried. In that case occasionally places were found where the connective tissue had pulled away from the fibers in the shrinkage process so that the outline of the fibers could be seen (Fig. 11) . But there were not enough of them to permit statistical work. The fibers as seen were solid; but, opacity not being comparative, that need have meant nothing beyond complete absorption of the electrons at the center of the fibers. A number of fields of which pictures had been made with the electron microscope were photographed with light in order to make a comparison of measurements made in the two ways. In this operation success was impaired by a technicality. The flatness of the section on the formvar film spread upon the grid was sufficient for the deep focus of the electron microscope, but insufficient for the flat focus of the light microscope. Therefore, electron microscope controlled light photographs could not be made under conditions as favorable as those holding for photography of sections mounted directly on glass slides. While, in spite of the technical imperfections and the number of steps involved, the size check on the fibers examined was surprisingly good, the precision of the operation was not great enough to justify its repetition. Effectiveness in the use of the electron microscope awaits a considerable advance in the technique of section cutting; and for that reason employment of light photography became imperative. Fiber Measurements.--The starting point was a silver-stained section, 1 # thick, selected on account of its perfection. Systematic photographic coverage was made of the two largest fasciculi. Several series of plates were prepared, each with a constant technique for the series; and of these, two, the ones judged to be the best for each fasciculus, were selected for enlargement. The microphotographs were made with a point-source light, a Zeiss apochromatic lens, N.A. 1.4, and electronic control of the exposure time. The magnifications were at X 2370, checked with a Zeiss stage micrometer; and two 5 X7 plates were exposed for each field to permit choice of the better focus. Contact points were made of these plates and, with the aid of a microphotograph in which the whole fasciculus was on one plate, the prints were mounted together to make a complete map of the fasciculus at 2370 diameters. This map served as a guide to the final enlargements which insured that all the pools of fibers were included. For the final enlargements the camera was set to bring the pictures up to exactly 12,000 diameters. The prints were on 8 X 10 bromide paper; 104 were needed for one fasciculus, 67 for the other.
Preparation of the enlargements that were to be the source of the data was a critical last step in the sequence of procedures. Not only was the selection of the printing time involved, but also, since in spite of all precautions about constancy of technique variation in the thickness of parts of the section had caused some variation in the density of the plates, judgment about adjustment of the time was necessary. The plates for fasciculus I were so dense that the only precaution was to insure that they were printed long enough. Some of the plates required up to one-half hour. In the prints there were visible only the fibers themselves and a few of the larger argentophile granules dispersed on a white ground. The plates for fasciculus I I were more nearly optimal, but one printing time would not serve for all of them.
The fibers were measured only after they had been checked microscopically in the section. Through that precaution a number of sources of error were eliminated, as for example: mistaking two small fibers side by side for a single fiber flattened and elongated in preparation, mistaking a large argentophile granule for a small fiber, considering a fiber to be too large on account of an argentophile granule lying against it, or, more important, missing a small fiber as the result of an imperfection in its image. After identification each fiber was ringed exactly with a hard sharp pencil, and numbered. More often than not the technique of preparation had distorted the section of the fiber from round to elliptical; so measurements were made of the two major axes in order to get the diameter of an equivalent circle through the square root of their product. The measurements were tabulated by print and fiber number for back reference to any particular one.
Shrinkage Correction.--After the measurements of the enlargements were made, before diameters could be assigned to the fibers, consideration had to be given to the shrinkage that would have occurred in the histological preparation. Only an approximate estimation of the latter could be made. Ranson and Davenport compared the area of a fascicle in a nerve stained by the pyridine-silver method with that of the same fascicle from another part of the nerve stained with osmic acid, and found that the area of the former was 70 to 80 per cent of the latter. Taking Hursh's figure of 10 per cent for the m e a n shrinkage of the diameter in osmic acid with the above observation, the total shrinkage of the diameter in the pyridine-silver process would be 20 to 25 per cent. Conservatively an allowance for 20 per cent of shrinkage has been made for all the diameters about to be presented. Thus the dimensions given must be considered to be on the low side rather than on the high side of actuality. With the upper limit of the shrinkage figure given by Ranson and Davenport the abscissas on the figures would have to be augmented 7 per cent. It would be 10 per cent if Hursh's highest shrinkage figure were also used.
If the sizes of the unmedullated fibers to be recorded appear to be smaller than some of those previously given (e.g. 1.5 to 2 # given by Tuckett), there must be kept in mind in making the comparison, in addition to the optical hazards of measurement, the consideration that the observations were made on sympathetic fibers, that the sizes of the largest fibers are given, and that osmic acid when it stains at all stains (according to Nageotte) a sheath about the axon. Thus the thickness of a sheath would be added to a diameter revealed by the silver stain, which stains the axon.
Optical Correction for Fasciculus I.--Fasciculus I was tabulated after fasciculus II; and on completion it was noticed that the whole fiber spectrum was shifted somewhat to the small side of that of the latter. The fasciculus I table was made from a set of plates originally abandoned as too dense and later resurrected because of the sharpness of the images. Prompted by the hypothesis that the images were smaller than geometrical shadows the situation was investigated for the possibility of obtaining a correction. One of the fibers, X I I I d 3, that stood out clearly (the same one is marked by arrows in Fig. 10 ) was identified in a less dense plate and subjected to a range of printing times similar to those employed for the pigment particles shown in Figs. 5, 6, and 7. Fig. 13 shows a selection from the enlargements, originally at 40,410 diameters. Print 2 is deemed to be a faithful representa-tion of the actual size (0.65 #), not only from the nature of the print, but also because the size is 0.4 # smaller than that of the maximal image (print 3), a differential corresponding to a rule documented in Fig. 9 . The measurement of fiber X I I I d 3 from the plate belonging to the fasciculus I series was 0.55 #, from which fact it is concluded that a better distribution of sizes for fasciculus I would be achieved by adding a correction of 0.1 # to the measured diameters. There is no indication for a correction of the measurements of fasciculus II. Comment is in order about the size scale in Figs. 14 and 15, which it will be noted is in 0.01 # steps. But before making it, let it be said that an equitable criticism of the scale is possible only when there is some understanding of the exigencies of the problem to be solved. The potential picture, with its demonstration of rapid temporal dispersion and no marked gaps in the succession of conduction times, by hypothesis demands fiber sizes in continuous succession. Construction of the potential picture from the fiber distribution is consequently foreordained to great sensitivity; and unless small blocks of fibers are utilized the construction is foredoomed to distortion. It will be seen that blocks of 0.03 # were actually used. If the fibers had been recorded in units larger than 0.01 #, blocks of that dimension could not have been assembled.
A fiber of median size, one 0.8/~ in diameter, when magnified 12,000 times has a diameter of 9.6 ram. Accuracy implies precision of measurement to 0.1 ram. Measurement to 0.1 mm. was the standard set, but with full cognizance of the inherent opportunity for random error. Also, it will be recalled, usually two measurements rather than one were needed. Labeling of a fiber in the end depended upon the setting of a slide rule. Were reliance upon the validity of the measurement of a single fiber of crucial significance, the size scale would have been futile. The saving consideration was that the resultant of the large number of fibers measured would be a balance between the readings too large FIGs. 14 and 15. Distribution of the sizes of the fibers as measured in fasdculus I and fasciculus II. and the readings too small. If the balance obtain, the principal residual hazard would be a blurring of the borders of minor groups of fibers.
In the introduction to the optical problem it was stated that the poten-tialities of light photography would have to be crowded to the limit. In summary it must now be admitted that the size data have been gathered at the risk of accumulating fractions of all the errors to the avoidance of which effort has been directed. What measure of success has been achieved should come out in the pragmatic test ahead. In any attempt to relate velocity with diameter, chaos would be the expectation if the data were too heavily freighted with error. On the other hand, the finding of an orderly correlation would predicate measurements predominantly valid.
SECTION I l l C O R R E L A T I O N OF T H E ACTION POTENTIAL W I T H T H E F I B E R S
After learning how to handle the postspike positivity, it was found that the action potential construction could be accomplished by adherence to the consequences of a simple set of premises. Comparison of the velocities in column 7 of Table I with those in columns 1 and 2 suggested that the relationship between velocity and diameter would be linear, as it is approximately for A fibers; and in preliminary trials it was established, not only that the postulate of linearity was workable, but also that postulating any other relationship led one afield. In the section on the action potential form it was shown why the unit dimensions of the postspike positivity could not be determined directly from the records. These dimensions had to be ascertained by a process of successive approximation, the nature of which can readily be deduced from the end result. In addition to the magnitude of the positivity, the time at which the positivity reached its maximum and the rate of decrement were important.
As an introduction to a description of how the constructions were made, the initial premises must be enumerated. They were as follows:--1. The velocity of conduction varies directly as the diameter of the fibers. 2. The size of the potential contribution of each fiber to the compound action potential is directly proportional to its diameter.
3. All of the spikes have the same duration, 2.0 msec. 4. All of the postspike positivities have the same time dimensions, and a size equivalent to a constant fraction of the spike potential.
Before the work of construction could be started there were required the following calculations in accord with these premises:--1. The conduction times. These were always calculated for a conduction distance of 3 cm., from velocities determined by the products of the diameters and a multiplier-constant selected for the construction.
2. The potential contributions. Since only relative values were needed, numbers, found by multiplying each diameter by the number of fibers having that diameter, were sufficient.
3. The spike dimensions of fiber assemblages. In order to decrease the mechanical difficulty entailed by entering every size singly into the constructions the sizes were banded together into small groups. What constituted a satisfactory size band was dependent upon the rate of temporal dispersion, which increases as the fibers become smaller. A band feasible for the larger fibers was too wide for the smaller fibers; for example, a band of 0.05 ]~ was suitable when the diameters were in the region of 1.0 #, but the width of the band had to be reduced through 0.04 # to 0.03 Iz when the fibers had diameters of 0.75 /z and smaller. The height of the spike representing a fiber assemblage was obtained by addition of the component contributions. The duration was obtained by adding to unit spike duration a time calculated from the temporal dispersion within the assemblage.
4. The magnitude of the positivity. The amount of positivity to follow the spike of a fiber assemblage required nothing more than taking a fraction of the spike height.
For the making of the construction a horizontal base line was drawn above the axis of abscissas. The latter was calibrated in milliseconds indicating the conduction times; and, with its zero at the projection of the base line on the axis of ordinates, there was placed on the ordinate axis a scale of positive and negative numbers to indicate the potential values in arbitrary units. Triangles with rounded tops were used to represent the spike potentials of the fiber assemblages, and they were drawn upon the base line with their starts at the conduction times of their fastest components. In accord with a postulate that maximum positivity was reached 1 msec. after the spike potential came to zero, a line showing the accumulation of positive potential was drawn. Its position was determined by the postulated amount of unit positivity, marked on the figures, and the assumed rate of decrement of the latter mentioned in the text, usually 50 per cent in 50 msec. Adjustment for decrement was made graphically with a set of sloping lines, erased before tracing for publication. Algebraic summation of the potential lines at their intersection with the vertical coordinate lines completed the construction, which is manifest in a line of heavy dots. In order to show the location of the fiber sizes in the constructions, fiber diameter scales have been added at the tops of the graphs.
If identical techniques could have been attained in the separate measurements of the fibers in fasciculus I and fasciculus II, a single multiplier to obtain the velocities from the diameters probably would have served. But, as it worked out, multiplication of the diameter in micra by 1.82 to get the velocity in meters per second gave the best result for fasciculus I, while multiplication by 1.65 gave the best one for fasciculus II. This difference, attributable to inconstancy of technique, is still not so large that the order of the relationship of size to velocity is not apparent. The average, 1.73, stands in sharp contrast to a multiplier of about 8.7, needed to get the velocities from the diameters of medullated axons.
Constructions for nearly the same state of the nerve are shown in FIO. 17. Constructions of action potentials from fasciculus I data. The sole variable is the sign and amount of potential assumed to follow the spike in the unit response. The graphic system is the same as in Fig. 16 . For other details see text.
as they were derived by way of the fasciculus I data and the fasciculus I I data. The small variation in the conditions is that the fasciculus I construction is made on the assumption that the maximum positivity is equivalent to
25 per cent of the spike height and that the positivity decrements to one-half in 60 msec., while for the fasciculus II construction the corresponding assumptions are 30 per cent of the spike height and half relaxation in 50 msec. In Fig. 16 the spike assemblages composed of the fibers of fasciculus I, which were counted but not measured, are represented by dashed lines. The fibers, shown as open circles in Fig. I4 , were divided into two groups at the size that should introduce the small final elevation; and the construction was completed in accord with the division. On completion of the constructions a full interpretation of the course of the compound action potential finally becomes possible. In the progression of the summation of the negative and positive phases of the unit potentials as the impulses arrive at the lead, the base line is caused to descend on account of the dominating influence of the positive phases. Consequently in order to understand how the spikes are being recorded one has to look at an area between the tracing made by the oscillograph and a line describing the summation of the positive phases. When the action potential is revealing a state of the fibers in which the positivity is large more of the spike area will be below the starting base line than about it.
Interpretation of the alterations in the form of the action potential as the state of the nerve changes is also aided by the graphic method. Of interest in relation to the form ensuing upon previpus activity are the constructions contained in Fig. 17 . The one variable is the postspike potential. Beginning with the lowermost curve which is drawn as of a maximal positivity of 10 per cent, there appear in order above it curves in which the postspike potential is conceived as starting respectively at negativities, 10, 20, and 40 per cent of those of the spikes. All the half relaxation times are considered to be 50 msec. With the curve for fasciculus I, shown in Fig. 16 , as the starting point, it can be seen how the spike potential band is carried upward on the rising postspike potentials, and how successively the potentials of smaller fiber groups are caused to appear at the level of maximal negativity (compare Fig. 2 ). It takes a postspike potential with a negativity of 40 per cent to produce an imitation of an action potential recorded soon after a tetanus which could not be considered to have conditioned a situation at the Limit.
The two constructions, while not exactly alike, still are closely similar. Such differences as occur could easily happen between the action potentials of paired nerves of an animal. As products resulting from carrying a process through in duplicate each construction supports the other. Both, when compared with the schematized action potential shown in Fig. 3 , are found to contain some representation of the several features of the latter in the right temporal position. Consequently there can be little doubt that the initial premises were essentially correct as stated, and that errors accumulated in execution were not great enough to prevent the validity of the premises from being demon- , and samples of action potentials recorded at 3 cm. of conduction and at 37+°C., as they would appear on a horizontal base line (Roman numerals). I, action potential of the saphcnous nerve, paired to the one used for the histological preparations. The subscript numbers correspond to the reference numbers deigned in Fig. 3. strated. In addition, it follows that the histological and photographic processes have been good enough to permit the outcome to pass the test of leading to an orderly result in application. The effect of distribution of random error in the size measurements too widely from the probability expectation would be to obliterate the transitions between the small characteristic elevations in the action potential. In spite of whatever of obscurement of the elevations may have occurred, the latter are still visible.
In order that the degree of approximation to recorded action potentials can be seen, for comparison some representative examples of the latter have been drawn, as they would appear on a horizontal base line like those in the constructions, and placed in series with copies of the constructions on the same time scale (Fig. 18) .
All the experiments in the present study have been made upon whole saphenous nerves, which means that the C fibers of dorsal root origin have been examined in the presence of those of sympathetic origin. Therefore, the number of the latter demands attention. That the ratio of s.C fibers to d.r.C fibers is small is convincingly demonstrated by sections of saphenous nerves from which the s.C fibers have been eliminated by degeneration. Ranson and Davenport, and Heinbecker, O'Leary, and Bishop, have reported that silver-stained sections of whole and sympathectomized nerves appear much alike, which fact we have confirmed by comparison of our sections with a slide from a sympathectomized saphenous nerve supplied by Ransom An estimate of 10 to 20 per cent for the s.C fraction was made by Heinbecker, O'Leary, and Bishop on the basis of comparison of the action potentials of complete nerves with those of nerves containing only s.C fibers. But, the above described difficulty in measuring the area of the d.r.C spikes calls for reservation about final acceptance of the limits assigned. Final evaluation awaits degeneration experiments with more exact methods of potential measurement and with more careful fiber counts than any which have as yet been made.
In search for information about what effect the s.C fibers might have upon the action potential an exploratory construction was made with data obtained from the section of a sympathectomized nerve supplied by Ranson from his collection made for the 1931 paper. Neither the number of fibers measured (731), nor the photographic technique at its stage of development when the plates were made, would justify a complete description of the result. Suffice it to say that all the features characteristic of the whole nerve were present in the construction. The outcome was what would be expected if in the size distribution charts there were a thin overlay of fibers which would record with velocities corresponding to those in the hypogastric nerve: 2 to 0.6 m.P.s, with the mode at 1 ~.P.s. (Grundfest and Gasser).
DISCUSSION
After Erlanger and Blair, for frog nerves, and Skoglund, for mammalian nerves, resolved differences in the physiological properties of medullated fibers dependent on whether the fibers were in continuation with the dorsal or the ventral roots, it became apparent that nerve fibers are subject to a greater degree of variation than appeared in the previous simple classification. Further evidence in the same direction has now been found in a comparison of the properties of unmedullated fibers arising from cells in the dorsal root ganglia with those of unmedullated fibers arising from cells in sympathetic ganglia.
C fibers, in addition to being unmyelinated, have in common a similar range of conduction velocities and, in comparison with A fibers, a longer spike duration, a greater resistance to asphyxia, and a greater sensitivity to blockade by cocaine. The descriptions of the C after-potentials have all been given in accord with the appearance of the latter in sympathetic nerves. The positivity following the spike, although relatively larger than in A fibers, still has a magnitude amounting to only 1 to 1.5 per cent of the spike height. It does not reach its maximum until 150 to 200 msec. have elapsed after the passage of the spike. This delay has been attributed to the intervention of a negative after-potential. In nerves examined in an atmosphere containing 5 per cent of CO~ a negative after-potential can usually be seen starting at a value negative to the initial membrane potential level. Later its course is obscured by algebraic summation with the positive after-potential. At times the negative afterpotential may be very small, but in every case it can readily be developed by conditioning of the nerve by a small amount of antecedent activity. The negative after-potential, as in A fibers, is always associated with a period of supernormal excitability.
It is in the potential sequence after the spike and in the phenomena correlatable with it where the great difference between the d.r.C and s.C fibers appears. The positivity after the d.r.C spike is many times as large as it is after an s.C spike. It reaches its maximum immediately after the spike and no trace of a negative after-potential has been seen. The curve depicting the recovery of excitability is characterized by a long period of subnormality initially maximal and diminishing as the postspike positivity decrements; and when postspike negativity is developed by previous activity of the nerve no supernormality accompanies it. The lack of identity between the postspike negativity and a negative after-potential can be made manifest within the fibers themselves. The fibers possess a potentiality for the production of what might properly be called a negative after-potential such that one can be brought out by veratrin. When this is done the potential follows a course different from the postspike negativity; and it is associated with supemorreality. Another contrast in the deportment of the s.C and d.r.C fibers is found when the behavior that follows the spike is observed in the course of a tetanus and immediately after its cessation. The positivity augments in the s.C fibers (Gasser and Grundfest; Bronk, Tower, Solandt, and Larrabee) , as it does also in A and B fibers. In the d.r.C fibers it has been pointed out that the posi-tivity first decreases then gives way to a negativity of the same duration. The potentials following the d.r.C spike are in their relationships so far out of line with the generalized picture of the after-potentials that in Section I reasons were given why at the present time it is inadvisable to attempt to include them in that category.
Because of their similarities there is justification for allowing the C fibers to stand as a group, but only if the group be divided into two subgroups, so labeled, on account of the profound differences in their properties, that there could be no doubt about which one is meant. In accord with the premise that in the correction of a terminology the confusion resultant therefrom will be least when the change made is the smallest one which will serve, throughout this paper the two subgroups have been called respectively s.C and d.r.C. It is suggested that these names be continued.
In skin nerves the unmedullated fibers outnumber the medullated fibers in a ratio between 3 and 4 to 1. If weight of numbers be taken as a touchstone of importance, the problem of how they are important becomes high-lighted. The findings in this paper are but a preliminary step on the way to the answer.
In order to get a complete picture of all the fibers in skin nerves it is necessary to start with some pertinent features of the activity of the medullated fibers. When in the latter impulses are simultaneously initiated then recorded after conduction, the action potential has a characteristic configuration dependent upon groupings of the velocities of conduction in the component fibers, which in turn are correlated with corresponding groupings within the distribution of fiber sizes. As an extension to this situation there are now to be added from the foregoing study of the unmedullated fibers the observations that in the action potentials of conducted impulses there occur, with a regularity quite eliminating the possibility of chance origin, groupings of the velocities, and that for these groupings there is an identifiable basis in the fiber size maps. That there is a degree of similarity with respect to the nature of the size and velocity organization within the two types of fibers is evident; and the problem of the significance of a pattern in the organization of fibers is thereby made more comprehensive. The meaning of the pattern in the medullated fibers is still obscure; and the extension of the problem has brought with it an added complexity, as a reason must be sought for the reproduction of the situation, as it has been known for one system of fibers, in another system of fibers with different physiological properties but with possibly overlapping functions.
The ratio between the fastest and slowest velocities in the unmedullated fibers is smaller than it is in the medullated fibers. It corresponds more nearly to what obtains in the delta group of the latter. But included in the delta group is one-half of all the medullated fibers, and functionally the group is not simple. A review of the circumstantial evidence in the literature of the subject affords reasons for postulating mediation within the group of impulses subserving the modalities: light touch, pain, warm, and cold. The one modality known to be mediated by the unmedullated fibers is pain. But the case for the inclusion of warm and cold will remain open until it is settled one way or the other by interpretation of the observations of Goldscheider.
Within the group of the d.r.C fibers the empirical correlation between velocity and axon diameter has been found to be more precisely a linear one than it previously been found to be for the medullated fibers of dorsal root origin. A fitting of the size distribution to the action potential could be obtained directly by applying a single multiplier to the diameters in order to obtain the velocities, whereas measures had to be taken in the case of the medullated fibers to introduce a slight curvature in the size-velocity relationship. This simplicity might be attributed to the fact that a smaller total range of diameters had to be accounted for; but probably of greater significance is the absence of variables other than diameter which may enter into the deterruination of the velocity in meduUated fibers, such as the ratio of the axon diameter to the thickness of the myelin and the inconstancy of the composition of the myelin sheath (Schmitt and Bear; Taylor) .
There would be no justification, however, for a generalization to the effect that the axon-diameter velocity relationship is linear except for secondary modifications effected by myelin factors; for there still would have to be taken into the reckoning the observations of Pumphrey and Young on cephalopod fibers, in which the best fit between size and velocity was found at the 0.6 power of the diameter. On the premise that both sets of observations are valid for the material examined, it becomes necessary to look among the differential properties of the two types of fibers for contrasting factors which might operate in such a way as to indicate a basis for compatibility between findings, which at first sight appear to be so greatly at variance.
Both sheaths and axons need to be considered. In the sense of being free from a lipoid-containing sheath, strictly speaking the cephalopod fibers cannot be termed unmyelinated. Though not surrounded by a sheath stainable with osmic acid (Pumphrey and Young), Bear, Schmitt, and Young were able to show, with the metatropic reaction which suppresses the countervailing form birefringence of the proteins, a layer about the axons which manifests intrinsic birefringence (lipoid) and is in width about 1 per cent of the fiber diameter. This layer, relatively thin as it is, when viewed in connection with the axon sizes, bespeaks lipoid-containing sheaths of appreciable thickness (4 to 5/z) on the fibers at the upper end of the diameter range. On the d. r. C unmedullated fibers a sheath of comparable relative dimensions would have a thickness of 0.01/~ or less. It would, therefore, be too thin for resolution with present methods; and actually nothing is visible in the direct test. Whatever effects on velocity these differences in the sheaths may have, there emerges from them no clear suggestion as to why the size velocity relationships are not the same in the two types of fibers. For an accounting it is necessary to turn to the axon.
Among the properties of the axons the most obvious contrast is in their diameters. In the saphenous nerve axons about 1/z in diameter and smaller are under survey. In the cephalopod axons the diameter range is from 30 to 718/~. This difference makes unavoidable a query as to whether there is any reason for holding that the factors controlling velocity must act with identical effectiveness in the two cases. Although what the factors are and how they operate are insufficiently understood, a rough hewn hypothesis can be deduced from the widely held view that local bioelectric currents are involved in transmission. External and internal resistance would enter into the control of such currents. From the work of Hodgkin there is evidence that a high external resistance is effective in reducing velocity; and from the experiments of Marmont and of Katz it follows that the external resistance is effective only while it is high, and that variations of it beyond some level, which must be related to the value of the internal resistance, are of little importance. If now it be assumed that internal resistance enters into the control of velocity in a manner analogous to that of the external resistance, it would follow that the internal resistance would be most potent when high in comparison with the external resistance, and that its relative effectiveness would fall off as the resistance decreases; that is, internal resistance would be of relatively more importance in a small axon than in a large one. The argument may be continued in its quantitative aspects by making use of the expression derived by Offner, Weinberg, and Young, which states that velocity varies inversely as the square root of the sum of the internal and external resistances. It is easy to show with an appropriately chosen external resistance that the velocity ratio between fibers 0.5 g and 1.0 g in diameter would be linear, while with the same constant for the external resistance the ratio between fibers 200 ~t and 400 g in diameter would be as the square root. Inasmuch as both indirect experimental evidence and theory lead to the anticipation of a difference, there is no difficulty in regarding an observed linear relationship of diameter to velocity in the small axons of the saphenous nerve as compatible with an observed square-root relationship in the large cephalopod axons.
StngltCARy
The compound action potential of the unmedullated fibers arising from dorsal root ganglia, as recorded in cat skin nerves after conduction of simultaneously initiated impulses, shows among its components a temporal dispersion corresponding to velocities between 2.3 and 0.7 M.P.S. The maximum representation of the component velocities is at about 1.2 M.P.s. On both sides of the maximum the representation falls off irregularly, in such a way that groupings in the dis-tribution produce in the action potential a configuration in which successive features appear always in the same positions at a given conduction distance. Through this demonstration of a characteristic configuration the system of the unmedullated fibers is brought into analogy with that of the medullated fibers.
The tmmeduUated fibers originating in the dorsal root ganglia have distinctive physiological properties, among which is a large positive potential which reaches its maximum immediately after the spike and decrements to half relaxation in about 50 msec., at 37°C. The positive phases of the unit potentials in the compound action potential, owing to their duration, sum to a much greater extent than the temporally dispersed spikes; and, since they have sizes such that one equivalent to 25 per cent of the spike height would not be at the limit, in the summation process the major portion of the compound action potential is caused to be written at a potential level positive to the starting base line. The position of the spikes in the sequence can be seen in the analyses in Section III.
The course of theactivityinunit fibers is subject to variation in ways affecting the positive potential. Preliminary descriptions, based on orienting experiments, of how these variations are conditioned are given in Section I. Two of the findings are particularly noteworthy. One is the high sensitivity of the dimensions of the postspike positivity to temperature in the range of temperatures at which skin nerves may be expected to function, even when the environmental temperatures of an animal are moderate. The other is the high sensitivity to conditioning by previous activity. The positivity is first decreased, then replaced by a negative potential of similar duration. Reasons have been given why it is inadvisable at the present time to call the postspike potential an after-potential.
A comparison has been made of the properties of the unmedullated fibers arising from dorsal root ganglia with those of fibers arising from sympathetic ganglia. The differences are so great that, in the interest of precision in designation, a division of the C group of fibers into two subgroups is indicated. It is suggested that the two subgroups be named respectively d.r.C and s.C.
Measurements have been made of the diameters of the d.r.C fibers in a saphenous nerve stained with silver. Graphs showing the number of fibers at each diameter are presented in Section II. In Section III there are shown constructions, from histological data, of the action potential as it would appear, after 3 cm. of conduction, with the correlation between diameter and velocity in strict linearity. The degree of fit between the constructed and recorded potentials can be seen in Fig. 18 .
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